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large p r o p o r t i o n  of t h e  t o t a l  h e a t  p roduced ,  pa r t i cu l a r l y  
in  po ik i lo therms ,  i t  is c lear  t h a t  cons iderable  error  can  be  
i n t r o d u c e d  in to  t h e  m e a s u r e m e n t s .  Indeed ,  c a l o r i m e t r y  
has  t e n d e d  to be  d i s coun ted  as a n  a l t e r n a t i v e  to  respiro-  
m e r r y  for th i s  r eason  (PETRUSEWICZ and  IV~ACFADYEN 2, 
SOUTHWOOD*). 

This  no te  is a p r e l i m i n a r y  accoun t  of a compar i son  
be tween  r e s p i r o m e t r y  a n d  ca lo r ime t ry  in m e a s u r i n g  t h e  
me tabo l i c  ene rgy  costs  of p u p a t i o n  in Tenebrio molitor L. 
Tile resul t s  are s u m m a r i z e d  in t he  Table,  where  t he  h e a t  
o u t p u t  e s t i m a t e d  b y  ca lo r ime t ry  ha s  been  cor rec ted  for 
t he  h e a t  abso rbed  b y  e v a p o r a t i o n  and  t he  h e a t  o u t p u t  
e s t i m a t e d  b y  r e s p i r o m e t r y  has  been  a r r ived  a t  b y  mul t i -  
p ly ing  oxygen  c o n s u m p t i o n  b y  IVLEV'S 5 oxycalor i f ic  
equ iva len t .  W h e n  h e a t  o u t p u t  is p l o t t e d  aga ins t  t i m e  
(Figure) t he  fami l ia r  U - s h a p e d  curve  results ,  and,  fu ther -  
more,  i t  will  be  seen t h a t  t h e  2 m e t h o d s  p roduce  v e r y  
s imi la r  curves.  Ca lo r ime t ry  a p p a r e n t l y  gives a s l ight ly  
h igher  e s t ima te  for t h e  f i r s t  5 days  of p u p a t i o n  b u t  
r e s p i r o m e t r y  does so in t he  las t  3 days.  However ,  a t  no 
t i m e  are these  differences s ignif icant .  I t  can  be concluded,  
therefore ,  t h a t ,  if p rope r  a l lowance  is m a d e  for t h e  h e a t  
abso rbed  b y  evapora t ion ,  c a lo r ime t ry  p rov ides  as good a 
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The metabolic energy costs of pupation in Tenebrio molitor L. : A 
comparison between calorimetry and respirometry. 

measu re  of t he  energy  d i s s ipa ted  in me tabo l i c  processes as 
resp i romet ry .  

These  resul t s  can  be  i n t e r p r e t e d  in two  ways.  F i rs t ly ,  
t h e y  m a y  be  r ega rded  as con f i rma t ion  t h a t  r e s p i r o m e t r y  
is a sa t i s fac to ry  me thod ,  b u t  i t  shou ld  be  r e m e m b e r e d  
t h a t ,  whi le  T. molitor p u p a e  are well  a d a p t e d  to  t h e  
cond i t ions  o b t a i n e d  in t he  resp i romete r ,  m a n y  poikilo-  
t h e r m s  are no t  a n d  i t  would  be  unwise  to  assume t h a t  t he  
resul t s  can  be  e x t e n d e d  to  cover  t h e m  all. A l t e rna t ive ly ,  
i t  can  be  a rgued  t h a t  c a lo r ime t ry  is a v iab le  m e t h o d  
which,  besides  h a v i n g  t he  a d v a n t a g e  of g iv ing a d i rec t  
measu re  of ene rgy  d iss ipa t ion ,  is t heo re t i ca l ly  capable ,  
un l ike  t he  m a j o r i t y  of r e sp i romet r i c  me thods ,  of accom- 
m o d a t i n g  t he  e x p e r i m e n t a l  an ima l s  in  a n  e n v i r o n m e n t  
close to t h a t  in  wh ich  t h e y  n o r m a l l y  live. Since m a n y  of 
t he  po ik i lo the rms  of i n t e r e s t  in  p r o d u c t i o n  s tud ies  are  
found  cond i t ions  of h igh  h u m i d i t y ,  avo id ing  t he  physiolog-  
ical s t resses  a t t e n d a n t  on desiccat ion,  e s t a b l i s h m e n t  of 
n a t u r a l  cond i t ions  w i t h i n  t he  ca lo r ime te r  will h a v e  t h e  
a d d i t i o n a l  a d v a n t a g e  of r educ ing  t he  cor rec t ion  necessa ry  
for t he  l a t e n t  h e a t  of vapor i za t ion .  The  r ecen t ly  descr ibed  
modi f i ca t ion  to t he  L K B  Flow Microca lor imete r  (ERIKSSON 
and  WADS66), wh ich  al lows of t he  o x y g e n a t i o n  of t he  
c o n t e n t s  of t h e  r eac t i on  vessel,  suggests  t h a t  i t  is no t  
on ly  theore t ica l ly ,  b u t  also prac t ica l ly ,  possible  to  
e s t ab l i sh  a n  a t m o s p h e r e  congenia l  to  a n y  e x p e r i m e n t a l  
an imal .  Fo r  these  reasons  ca lo r ime t ry  deserves  more  
f a v o u r a b l e  cons ide ra t ion  as a n  a l t e r n a t i v e  m e t h o d  for 
e s t i m a t i n g  m e t a b o l i c  costs.  

A fuller  a ccoun t  of these  e x p e r i m e n t s  a n d  the  m e t h o d s  
employed  will  a p p e a r  e lsewhere 7. 

Zusammenfassung .  D u r c h  Vergle ich  r e sp i rome t r i s ch  u n d  
ka lo r ime t r i s ch  b e s t i m m t e r  D a t e n  fiber den  Energ iever -  
b r a u c h  w~ihrend der  V e r p u p p u n g  yon  Tenebrio molitor 
wird  gezeigt,  dass  die l e t z t g e n a n n t e  Me thode  der  e r s te ren  
ebenbf i r t ig  ist, be t  f euch t igke i t s l i ebenden  A r t e n  sogar  
t iber legen sein miisste.  
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The Influence of Hydrostatic Pressure on the Rate of Hydrolysis  of Acetylcholine 
and Contractility in the Vagal Heart System 

Prev ious ly  we h a v e  shown  t h a t  h y d r o s t a t i c  p ressure  
b locks  t h e  v a g a l  i n h i b i t i o n  comple te ly  a t  5,000 ~01. Our  
va lue  is cons ide rab ly  lower t h a n  t h a t  r epo r t ed  b y  CATTELL 
and  EDWARDS 2, BROWN 3 a n d  EDWARDS a n d  BROWN ~ for 
i n h i b i t i o n  of muscu l a r  c o n t r a c t i o n  in t h e  ske le ta l  muscles.  
W e  f u r t h e r  d e m o n s t r a t e d  t h a t  p h y s o s t i g m i n e ,  a specific 
ace ty lcho l ines te rase  inh ib i to r ,  raises  t he  b lock ing  pressure  
f rom 5,000 to  6,500 ~0. W e  conc luded  t h a t  t h e  effect  of 
h y d r o s t a t i c  p ressure  on  t h e  vaga l  i n h i b i t i o n  is p r i m a r i l y  a 
c o n f o r m a t i o n a l  change  of ace ty lcho l ines te rase  molecule  
loca ted  a t  t h e  p o s t - j u n c t i o n a l  m e m b r a n e .  

Over  t h e  las t  decade  we h a v e  e x a m i n e d  r a t h e r  ex ten -  
s ively  t he  a c t i v i t y  of t h i s  p a r t i c u l a r  in  s i tu  e n z y m e  w i t h  
respec t  to  va r ious  phys i ca l  1,5,~ a n d  chemica l  ~-9 pa ra -  
meters .  Th i s  r e p o r t  is a f u r t h e r  i nves t i ga t i on  on  t he  r a t e  of 
hydro lys i s  of ace ty lcho l ine  b y  ace ty lcho l ines te rase  a n d  
t he  e x t e n t  of v o l u m e  change  in t h e  e n z y m e  molecule  as a 
f u n c t i o n  of pressure .  

Mater ials  and  methods. Tile e x p e r i m e n t s  were pe r fo rmed  
on i so la ted  vaga l  h e a r t  p r e p a r a t i o n  of frogs, R a n a  
pipiens,  The  h e a r t  was pe r fused  w i t h  modi f i ed  R inge r ' s  
solut ion,  wh ich  has  t h e  fol lowing compos i t i on :  NaC1, 
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112 m M ;  KC1, 2 m M ;  CaC1 v 2 m M ;  NaH2PO4, 0.1 m M  
and  NaHCO 3, 1.8 m M .  

The recording sy s t em has been  descr ibed in deta i l  
e lsewhere 5. The regular  mois t  c h a m b e r  was replaced b y  a 
high pressure  chamber .  The stainless  steel  c h a m b e r  was  
3 cm in d iamete r  and  10 cm in height .  2 qua r t z  windows,  
1.5 cm thick,  served as a l ight  pa thway ,  the  i n t ens i ty  
of which  was regis tered via  a pho to tube .  A pair  of p l a t i n u m 
electrodes pass ing t h rough  the  lid was f i t t ed  wi th  special  
h igh pressure  f i t t ings  and  insula ted  wi th  epoxy.  The high 
pressure  sys t em is shown in Figure  1. 

The con t rac t i l i ty  was  d e t e r m i n e d  by  the  he igh t  of the  
t racings,  which  are p ropor t iona l  to  the  force of cont rac-  
tion. Quan t i t a t i ve  m e a s u r e m e n t s  of the  force of cardiac 
con t rac t ion  were possible  by  t ransmiss ion  of t he  electrical  
signal f rom the  p h o t o t u b e  to  an in tegra t ing  digi tal  vol t -  
meter .  The ace ty lchol ines terase  ac t iv i ty  was de t e rmined  
according to the  m e t h o d  descr ibed previouslyT. 

Calcu la t ion  of the vo lume change of the i n  s i tu  enzyme  u n d e r  
pressure .  Using  the  Michael is -Menten ~ormulat ion ~ 

S + E  " E .S  �9 E + B  (1) 
k~ 

where  k~, k~ are reac t ion  cons tan t s  and  h~ is t he  c o n s t a n t  
for decomposition of %nzyme-substrate complex. E is the 
enzyme, acetylcholinesterase; S is the substrate, acetyl- 
choline; B is the produc~. E.S is a complex in which the 
enzyme  and  subs t r a t e  are he ld  t oge the r  by  VAN DER 
WAALS forces, dipole-dipole  in te rac t ions  and electro- 
s ta t ic  b ind ings  *. Since the  subs t r a t e  is in large excess by  
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Fig. 1. High pressure system. 1, heart; 2, vagus nerve; 3, modified 
Straubs cannula; 4, platinum electrodes; 5, weight; 6, pressure 
fittings; 7, cover of the chamber; 8, stainless steel chamber; 9, 
clamping ring; 10, brass window retainer; 11, '0' ring gasket; 12, 
quartz window; 13, connecting high pressure tubing; 14, pressure; 
15, interior of the accessory chamber communicating to the main 
chamber; 16, Tygon sac, acting as a diaphragm to prevent oil from 
contaminating main pressure chamber which was filled with Ringer's 
solution; 17, wall of accessory chamber; 18, outlet to hydraulic 
pump; 19, outlet to atmosphere. 

sudden  electr ical  puls ing  release, t h e n  a s sumpt ion  of a 
s t eady  s t a te  concen t ra t ion  of complex  E .S  leads to  t he  
ra te  equa t ion  : 

d(B)/dr = kaK (Eo) (S)/(1 + K(S)) (2) 

where  K is the  ra t io  kl /(k2 + k3) and Eo is the  to ta l  enzyme  
concent ra t ion .  

Since an a p p a r e n t  vo lume of ac t iva t ion  is def ined by  
the  re la t ion 

V* = - RTO~u (~(B)/dt)/Op. (3) 

A conven ien t  form of th is  re la t ion  for c o m p u t i n g  the  
value AV* f rom ra tes  measured  at  d i f ferent  pressures  is 

& V* = -2.303 R T log (kp2/kpl) / (P2 - Pl) (4) 

where  R is the  gas co n s t an t  ; T, the  absolute  t e m p e r a t u r e  ; 
k m and  kr2 are the  ra te  cons t an t s  of the  en zy me  at  pres-  
sures Pl and p~ respect ively .  

An exampIe  of compu ta t ion .  The expe r imen ta l  ra te  
ra t io  is 1.98, p~ and P2 are 14.7 ~ and  3,000 ~0 or i a t m .  and  
204 a tm.  R equals  0.082 1 a tm/mol ,  and  T si 293~ 

AV* = - - (2 .3) (0 .082)(293)(0 .299) /203  

AV* = --0.0815 l/ tool = --81.5 cm3/mol. 

Resu l t s  a n d  d iscuss ions .  Figure  2 shows the  actual  
t r ac ing  under  normal  and  h~gh pressures.  The q u a n t i t a t i v e  
re la t ionship  be tween  hyd ros t a t i c  pressure  and the  ra te  of 
acetylchol ine  hydro lys is  is shown in F igure  3. There  has  
been  no appreciable  change  in the  ra te  of hydro lys i s  
below 2,000 ~ The ra te  of hydro lys i s  increases s teadi ly  as 
the  pressure  ~ncreases and  reaches m a x i m u m  a t  5,000 ~o. 
As ind ica ted  in t he  Figure,  t he  ra te  a t  5,000 ~ is more  
t h a n  4-folds of the  original ra te  a t  14.7 % name ly  the  
a tmospher i c  pressure.  

The con t rac t i l i ty  of the  isolated h e a r t  as a funct ion of 
pressure  is shown in Figure 4. There  are 7%, 27%, 44%, 
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Fig. 2. Effect of pressure on vagal inhibition. A, 15 ~p; B, 2.000 ~p; 
C, 3.000~p; D, 4.000 ~0; E, 4.500~0; F. 5.000 ~p. 

1 W. Young and F. UPHA•, Am. J. Physiol. 202, 947 (1962). 
o McK. CATT~LL and D. J. EDWARDS, Am. J. Physiol. 93, 97 (1930). 
3 D. E. Baow~, Cold Spring Harb. Syrup. quant. BioI. 4, 242 (1936). 
4 D. J. EDWARDS and D. E. Br~owy, J. ceil. comp. Physiol. 5, 1 

(1934). 
5 W. YotJNa, Magnetic Field a~,r in situ Acetylcholinesterase in lhe 

vagal Heart System. In  Biological E/]ects o] Magnetic Field. (Ed. 
F. M. BARNOTXY; Plenum, New York 1969). 

s W. YOUNG, Experientia 26, 592 (1970). 
W. YOUNG and J. W. GOFMA~, Biochi m. biophys, acta 6d, 60 (1962). 

8 W. YOUNG, UCRL 1,1759, 97 (1966). 
W-. YOUNG, Physiologist 7d, 258 (1971). 



804 Specialia EXPERIENTIN 29/7 

Net volume changes computed according to observed influence of pressure on specific enzyme reactions in vitro and in situ 

Enzyme Substrate Pressure Concen- Tempera- Observed References 
(~p) tration ture (~ vol. change 

(M 4- %) (ema/mol) 

Acetyleholinesterase (in situ) Acetylcholine 

Amylase Starch 
Invertase Sucrose 
Pancreatic amylase Starch 
Chymotrypsin Casein 
Trypsin (in vitro) /~-Lactogiobulin 

2.000 10 -s  20 - -  49.5 this work 
3.000 10 -s  20 --  81.5 
4.000 10 .8 20 --  104.0 
4.500 10 -8 20 - -  1 1 0 . 0  

5.000 10 .8 20 108.1 
6.000 10 .8 20 --  91.5 

10.000 1 22-23 -- 22 BENTHAUS 10 
10.000 10 30 --69 ]~YRINO, JOHNSON and GENSLER ll 
10.000 2 22--23 -- 28 LAIDLER 18 
10.000 1 14.8 --13 WERmN and McLAREN ~8 
10.000 0.5 25--35 --36 WERBIN and MCLAREN TM 

6 1 % ,  6 7 %  a n d  5 8 %  i n c r e a s e  i n  c o n t r a c t i l i t y  w h e n  t h e  
p r e p a r a t i o n  e x p o s e d  t o  h y d r o s t a t i c  p r e s s u r e  of  1 ,000 % 
2,000 % 3,000 t0, 4 ,000 % 5,000 ~0 a n d  6,000 ~0 r e s p e c t i v e l y .  
T h e  t e n s i o n  of  t u r t l e  h e a r t  u n d e r  s i m i l a r  p r e s s u r e  re -  
p o r t e d  b y  B R o w N  a is a l so  s h o w n  in  F i g n r e  4 for  c o m p a r -  
i son .  I n  g e n e r a l  o u r  v a l u e  is v e r y  c lose  t o  t h a t  of  BROWN'S, 
e s p e c i a l l y  a t  t h e  l ower  p r e s s u r e  r a n g e ,  i.e. b e l o w  2,000 % 
A t  h i g h e r  p r e s s u r e  r a n g e :  4 ,000  % 5,000 % 6 ,000 % o u r  
v a l u e  s e e m s  t o  be  h i g h e r .  T h i s  m a y  b e  e x p l a i n e d  b y  t h e  
f a c t  t h a t  we  m e a s u r e  t h e  fo rce  c h a n g e  r a t h e r  t h a n  t e n i s o n .  

AChE activity versus pressure 
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Fig. 3. The effect of pressure on acetylcholinesterase activity. 

200 Contractility vs pressure 
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Fig. 4. The effect of pressure on contractility of the isolated frog's 
heart  and the tension of turtle 's heart. O- - �9  contractility of frog's 
heart;  A---A,  the tension of turle's heart. 

A c o m p u t a t i o n  of  t h e  m o l e c u l a r  c h a n g e  u n d e r  d i f f e r e n t  
p r e s s u r e  is s h o w n  in  t h e  T a b l e .  T h e  v a l u e s  of  AV*  
c a l c u l a t e d  a c c o r d i n g  t o  e q u a t i o n  4 f r o m  o u r  e x p e r i m e n t  
a r e  i n  l i ne  w i t h  t h o s e  r e p o r t e d  in  t h e  in  v i t r o  e n z y m e  
e x p e r i m e n t .  T h e  v a l u e s  for  t h e  in  s i t u  a c e t y l e h o l i n e s t e r a s e  
a r e  h i g h e r  t h a n  t h a t  of  t h e  in  s i t u  e n z y m e  v a l u e s .  I t  is 
t e m p t e d  to  i n t e r p r e t  t h a t  t h e  e n z y m e  m o l e c u l e s  u s e d  for  
t h e  in  v i t r o  e x p e r i m e n t s  a r e  d e n a t u r e d  d u r i n g  t h e  p r o c e s s  
of  i s o l a t i o n .  T h e r e f o r e  t h e  s e n s i t i v i t y  of  t h e  in  v i t r o  
e n z y m e s  to  p r e s s u r e  is d e c r e a s e d  t o  a c e r t a i n  e x t e n t .  

T h e  c h a n g e  in  v o l u m e  of  t h e  e n z y m e  is  s i g n i f i c a n t  fo r  
t h e  d i s e n g a g i n g  of  t h e  e l e c t r o - c o u p l i n g  of t h e  h e a r t  
c o n t r a c t i o n .  A c a l c u l a t i o n  of  t h e  v o l u m e  c h a n g e  p e r  
e n z y m e  m o l e c u l e  r e v e M s  t h a t  e a c h  m o l e c u l e  s h r i n k s  a b o u t  
2.5 A, if t h e  3 a x e s  of  t h e  e n z y m e  m o l e c u l e  a r e  e q u a l .  I f  
t h e  2 s h o r t  a x e s  a r e  e q u a l  a n d  t h e  l o n g  a x i s  is  20 t i m e s  t h e  
s h o r t  axe s ,  t h e n  t h e  m o l e c u l e  w o u l d  s h r i n k  a b o u t  6.7 
a l o n g  t h e  l o n g  a x i s  a s s u m i n g  t h e  m o l e c u l e  s h r u n k  u n i -  
f o r m l y  in  al l  d i r e c t i o n s .  O n  t h e  b a s i s  t h a t  e a c h  m o l e c u l e  of  
t h e  e n z y m e  h a s  4 a c t i v e  s i t es ,  t h e n  t h e  d i s t a n c e  b e t w e e n  
t h e  a c t i v e  s i t e s  w o u l d  p r o b a b l y  s h r i n k  a b o u t  0 .64 A a n d  
1.87 A for  x = y = z, a n d  20x = 20y = z r e s p e c t i v e l y .  
X,  Y a n d  Z a r e  t h e  3 axe s .  T h i s  f i n d i n g  i n d i c a t e s  t h a t  t h e  
c h a n g e  in  d i s t a n c e  b e t w e e n  t h e  a c t i v e  s i t e s  p r o d u c e d  b y  
p r e s s u r e  m a y  b e  r e s p o n s i b l e  for  t h e  o b s e r v e d  a c e t y l -  
c h o l i n e s t e r a s e  a c t i v i t y  in  t h i s  s t u d y .  

Zusammen/assung. Die A c e t y l c h o l i n - E s t e r a s e - A k t i v i t ~ t  
u n d  d ie  K o n t r a k t i l i t X t  w i r d  a m  i s o l i e r t e n  F r o s c h - H e r z e n  
u n t e r  S t e i g e n d e m  h y d r o s t a t i s c h e m  D r u c k  u n t e r s u c h t .  
O h n e  w e s e n t l i c h e  V e r / i n d e r u n g  d e r  M o l e k i i l - D i m e n s i o n  
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